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ABSTRACT
Monoaromatic Hydrocarbons and Aldehydes in Las Vegas Air
by
Linhong Jing
Dr. Spencer M. Steinberg, Examination Committee Chair 
Professor o f Chemistry 
University o f  Nevada, Las Vegas
The observed concentrations o f the monoaromatic hydrocarbons and aldehydes 
show significant correlations within the various monoaromatic hydrocarbons, and within 
the various aldehydes as well as between the two groups o f compounds. Moderate or 
good correlations between observed concentrations of target analytes, monoaromatic 
hydrocarbons and aldehydes, and other pollutants, CO, NO, NO? were also found. These 
observations are consistent with vehicle emission as a major source of monoaromatic 
hydrocarbons and a primary source of aldehydes in ambient air.
CO normalized concentrations were used to infer the occurrence o f photochemical 
reactions in atmosphere. There are significant negative correlations between CO 
normalized concentrations of monoaromatic hydrocarbons and aldehydes, between 
monoaromatic hydrocarbons and ozone, and significant positive correlation between CO 
normalized concentration o f aldehydes and ozone. These observations are consistent with 
the results predicted from the reaction o f OH radical with monoaromatic hydrocarbons.
lU
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CHAPTER 1 
INTRODUCTION
1.1. Sources and Concentrations o f Monoaromatic Hydrocarbons 
Monoaromatic hydrocarbons constitute a significant fraction o f  the reactive 
hydrocarbons in urban atmosphere (Forstner et al., 1997; Kenley et al.. 1981; Shepson et 
al.). Ambient data collected from a number o f cities around the world show that aromatic 
hydrocarbons make up 25% (on a carbon basis) o f  the total nonmethane hydrocarbons 
(Singh et al., 1985). The sources for monoaromatic hydrocarbons have been extensively 
investigated (Roberts et al., 1984; Tsai et al., 1997; Clarkson et al.. 1996; Singh et al.. 
1985; Edgerton et al., 1989; Wathne, 1983; Field et al., 1992; Rasmussen et al., 1983; 
Whalen et al., 1994; Bailey et al., 1990; EPA 1987; Lewis et al., 1992). It is well known 
that the principal sources for these compounds are anthropogenic (National Research 
Council. 1981). The main anthropogenic sources include combustion source emissions, 
motor vehicle exhaust emissions, the evaporation o f fuels and solvents, general industrial 
processes and natural gas leakage. Combustion source emissions originate from waste 
burning, power generation and especially the use o f internal combustion engines. The 
motor vehicle exhaust emissions arise fi"om incompletely combusted fuel and 
dealkylation o f benzene. Evaporative emissions refer to monoaromatic hydrocarbons 
entering the atmosphere by complete evaporation or partial evaporation o f fuel. General
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industrial emissions consist o f evaporation during storage, transportation and utilization 
o f organic chemicals (Field et al.. 1992). Among these sources, motor vehicle emission is 
a major source o f benzene, toluene, ethylbenzene and xylenes and accounts for more than 
70% of the total atmospheric emissions o f  these hydrocarbons (Whalen et al.. 1994). For 
example, emission from mobile sources accounts for 70% o f  the benzene emission 
inventory in the United States (Walsh, 1994).
In the past few decades, many studies have focused on the concentration of 
monoromatic hydrocarbons in urban, rural and remote areas (Tran. 1997; Tsai et al.. 
1997; Clarkson et al., 1996; Singh et al., 1985; Wathne, 1983; Field et al.. 1992; 
Rasmussen et al.. 1983; Whalen et al., 1994; Bailey et al., 1990; EPA, 1987; Lewis et al.. 
1992). Concentrations o f monoaromatic hydrocarbons range from sub-ppt (part per 
trillion) to high ppt in remote areas and to ppb (part per billion) in urban areas.
1.2. The Potential Health Impacts
The potential health impacts o f exposure to ambient monoaromatic hydrocarbons 
has become o f general concern because many of these compounds are toxic and 
carcinogenic. Benzene is known to cause aplastic anemia, and acute leukemias o f the 
marrow-forming blood element (Brief et al., 1980). .A.cute exposure to benzene causes 
central nervous system depression. The chemical benzene irritates skin by defatting the 
xeratin layer, and may cause erythema vésiculation and dry and scaly dermatitis (WHO. 
Copenhagen 1987). Benzene has been shown to cause chromosomal damage and it is 
considered to be a human carcinogen (Clarkson et al., 1996).
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Moreover, potential health effects may also arise from the degradation of aromatic 
hydrocarbons and the production o f  secondary pollutants such as phenols, aldehydes and 
dicarboxylic acid. Formaldehyde contributes to eye. nose and throat irritation (Altshuller. 
1978; NRC. 1981; Grant and Tilton, 1989). It also causes bronchial asthma-like 
symptoms in humans (Grant and Tilton, 1989), as well as allergic dermatitis (Feinman. 
1988). Therefore, in order to fully understand the health impacts o f monoaromatic 
hydrocarbons on humans, it is necessary to understand their source and degradation.
1.3. Degradation Pathways o f Monoaromatic Hydrocarbons in the Troposphere 
Once the monoaromatic hydrocarbons are emitted to the troposphere, they can 
undergo three overall processes; chemical reaction in the troposphere, transport into the 
stratosphere and deposition at the earth's surface (Finlayson-Pitts and Pitts, 1986). 
Because o f  their short lifetime in the atmosphere, transport is not an important pathway. 
Since they are volatile and insoluble in water, they are not likely to be removed from the 
atmosphere by wet or dry deposition. Therefore, the only pathway for monoaromatic 
hydrocarbons in the atmosphere is gas-phase reaction with oxidants.
The monoaromatic hydrocarbons react slowly with O 3 and with NO3 radicals, 
with room temperature rate constants o f  <1 x 10'^° cm^ molecule 's '' for O3 reaction 
(Atkinson and Carter, 1984) and o f 10''^ to 10"'^ cm^ m olecule ''s '' for the NO3 radical 
reactions (Atkinson et al., 1988). Thus, atmospheric removal o f the momoaromatic 
hydrocarbons by these reactions is o f  little importance (Atkinson. 1990a).
A lot o f research work has been focused on degradation pathway o f 
monoaromatic hydrocarbons in environmental chamber (Atkinson, 1990a, Kenley et al..
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1981; Shepson, et al., 1984; Andino et al., 1996; Tuazon et al., 1984; Killus and Whitten. 
1982; Gery. 1987). Kinetic-environmental chamber studies have shown that under 
atmospheric conditions the sole loss process o f  the aromatic hydrocarbons is reaction 
with the hydroxyl radical, which is followed by reaction of intermediates with molecular 
oxygen and various oxides of nitrogen (Atkinson, 1990a; Andino et al.. 1996; Atkinson et 
al., 1979, 1980; Atkinson and Lloyd, 1984). The room temperature rate constants for 
these reactions (Atkison 1989, 1990b; Bandow and Washida. 1985a) and their related 
atmospheric lifetimes (t) under two different OH radical conditions are given in Table
1. 1 .
These OH radical reactions have shown to proceed via two pathways, namely, H 
atom abstraction from the substituent alkyl groups (reaction 1 . 1 ) and OH radical addition 
to the aromatic ring (reaction 1 .2 ).
CH3
+ OH
CHz
H1 O ( 1 . 1 )
CHj
+ OH
k.
OH ( 1.2 )
Figure 1.1a Hydroxyl Raical Reaction with Toluene
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The H atom abstraction route is o f  minor importance in the atmosphere, and the 
rate constant ratios k|/(ki+lc2 ) obtained from kinetic data at room temperature are also 
given in Table 1 . 1 . Subsequently, to the H-atom abstraction route from the alkyl side 
chains, the alkyl radical reacts with molecular oxygen and NO, producing aromatic 
aldehyde and in lesser amounts, aromatic nitrates (reaction 1.3). The yields o f the ring- 
retaining products from benzene, toluene and xylenes are given in Table 1.2(Atkinson. 
1990a).
Cl-t
CHO Cl-bONQ
+ Qz + NO ( 1.3)
Figure 1.1b The Allq^ I Radical Reaction with and Qj^gen and NO
The major OH radical reaction pathway is by OH radical addition to the aromatic 
ring to yield hydroxycyclohexadienyl o r alkylhydroxycyclohexadienyl radicals, which 
undergo much more complicated chemical process. The addition pathway occurs 80-90% 
for alkylated aromatic hydrocarbons. The OH radical is observed to react predominantly 
at the o-position relative to alkyl substituents. The OH-adduct may react with molecular 
oxygen to form o-cresol (reaction 1.4) o r may react by addition o f molecular oxygen to 
form an aromatic-OH-Oi adduct (reaction 1.5), which undergoes a series o f reactions 
resulting in ring cleavage products. At the present time the actual reactions o f the 
hydroxycyclohexadienyl radicals formed from the OH radical reaction with the aromatic 
hydrocarbons are not yet known. The only definitive data concerning the reactions
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
subsequent to the addition of OH radicals with the aromatic hydrocarbons are the 
products observed, which are listed in Table 1.3.
OH
+ H a (1 .4)
 +  O2 CH3
OH Products from 
ring cleavage
(1.5)
Figure L ie  Aromatic-OH-02 Adducts React with Oi^gen
Table 1.1, Rate Constants k for the Gas-phase Reactions of the OH Radical with 
Aromatic Compounds at 298 K, Atmospheric Pressure, Rate Constant Ratios 
ki/(ki+k2) (ki and k% is for reaction 1.1 and 1.2 respectively) Obtained from Kinetic 
Data (Atkinson 1989, 1990b; Bandow and Washida, 1985), and Monoaromatic
Compound
10‘- x k ( 1 9 8 K )  
(cm" molecule' 
's-'
k |/(ki+k 2 )
(298K)
T, if[OH]=10^ 
radicals.cm'"
X. if[OH ]=10’ 
radicals.cm'"
Benzene 1.23' 0.05 9 days 2 1 . 6  hours
Toluene 5.96^ 0.12(0.07)^ 1.9 days 4.7 hours
Ethvlbenzene 7.1 -— 1 . 6  days 3.9 hours
/n-Xylene 23.6 0.04(0.04*) 1 2  hours 1 . 2  hours
/?-Xylene 14.3 0.08(0.08*) 19 hours 1.9 hours
o-Xylene 13.7 0.10(0.05*) 2 0  hours 2  hours
"e cm'.molecule .s
ky=3.58 X 10'^“ e'^^°^cm^.molecule'^s'' .
k%=1.81 X 10’*^  e'^^^^cm^molecule-'.s-' (213-324K). 
■^Derived from the product data o f Atkinson et al. (1989).
* Derived from the product data o f Bandow and Washida( 1985a).
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Table 1.2. Observed Yield o f Ring-retaining Product from the OH Radical Initiated 
Reactions o f Aromatic Hydrocarbons under Atmospheric Condition (Atkinson, 
1990a).
Aromatics product Yield References
Benzene
Phenol 0.236±0.044 Atkinson et al., 1989
Nitrobenzene 0.0336±0.0078+(3.07 
±0.92) X IQ-'^rNO,]*
Atkinson et al.. 1989
i
1
Toluene
Benzaldehyde
0 . 1 2
0.073±0.022 
0.054 
0.071 
0 . 1 1  ±0 . 0 1  
0.104±0.029 
0.0645±0.0080
Atkinson et al.. 1980 
Atkinson et al.. 1983 
Shepson et al.. 1984 
Leone et al., 1985 
Bandow et al.. 1985b 
Gery et al.. 1985 
Atkinson et al.. 1989
Benzyl nitrate 0.007±0.0040.0084±0.0017
Gery et al.. 1985 
Atkinson et al., 1989
o-Cresol
0 . 2 1
0.131±0.072
0.16
0 . 2 2
0.204±0.027
Atkinson et al., 1980
Atkinson et al., 1983
Leone et al., 1985
Gery et al.. 1985 |
Atkinson et al., 1989 |
m- +/7-Cresol 0 .05 '0.048±0.009
Gery et al.. 1985 j 
Atkinson et al.. 1989 i
m-Nitrotoluene^ (0.0135±0.0029)+(1. 
9±0.25) X lO’^ rNOil*
Atkinson et al.. 1989 |
1
o-Xylene
o-Tolualdehyde
0.073±0.036
0.047
0.05±0.01
0.172±0.070
Takagi et al.. 1980 
Shepson et al., 1984 | 
Bandow and Washida , 1985a | 
Gery et al., 1987 j
o-Methylbenzyl
nitrate
0.009±0.002 Takagi et al.. 1980 1
1
2,3- +3.4- 
Dimethylphenol
0.012±0.006
0.0102±0.039“
Takagi et al., 1980 
Gery et al., 1987
Nitro-o-
xylenes*
0.080±0.047
0.068±0.019
Takagi et al., 1980 
Gery et al., 1987
w-XvIene
m-Tolualdehyde 0.04±0.010.122±0.059
Bandow and Washida, 1985a 
Gery' et al.. 1987
m-Methybenzyl
nitrate
- 0 . 0 1 Gery et al., 1987
2,4- +2,6- 
Dimethylphenol
0.078±0.065" Gery et al., 1987
Nitro-m-xylenes 0.033±0.025” Gery et al., 1987
/7-Xylene p-Tolualdehyde 0.08±0.01.1 ■
Bandow and Washida, 1985a
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8~/77-cresol: / 7-cresoI~I : 1 0  (Gery et al., 1985).
"o-nitrotoluene: m-nitrotoluene:/7-nitrotoluene = 7;72:21 (Gery et al., 1985); 5:70:25 
(Atkinson et al., 1989).
=2.3-dimethylphenol: 3.4-dimethyIphenol -  74±11:26±11 (Gery et al.. 1987). 
M-nitro-o-xylene accounted for 94±4% o f total (Takagi et al.. 1980): 8 6 ± 7 % o f total 
(Ger\' et al.. 1987).
'2.4-dimethylphenol: 2.6-dimethylphenol = 58±19:42±19 (Ger>' et al.. 1987): no 3.5- 
dimethylphenol observed.
Mainly (71 ±49%) 4-nitro-/M-xylene: remainder 5-nitro-m-xylene.
The kinetic-environmental chamber studies indicate that the major atmospheric 
sink for aromatic hydrocarbons is reaction with the hydroxyl radical. This result is useful 
in evaluating the possible pathway for monoaromatic hydrocarbons in ambient air. 
However, in order to know what is occurring imder real environmental conditions, it is 
required to study the relationship between the concentrations o f monoaromatic 
hydrocarbons and their photochemical reaction products and then determine if the 
environmental observations are consistent with the hydroxyl radical mechanism. 
Therefore, this project involved: 1) simultaneous measurement o f monoaromatic 
hydrocarbons and their photochemical reaction products in Las Vegas air: 2) 
interpretation o f the data to determine, e.g., if  the data are consistent with photochemical 
production o f aldehydes from monoaromatic hydrocarbons in ambient air.
This report presents the data for monoaromatic hydrocarbon samples collected 
during 01/1999-03/1999 and aldehyde samples collected during 07/1998-02/1999 at 
University o f  Nevada. Las Vegas campus.. The target analytes in this study are listed in 
Figure 1.2a and Figure 1.2b. These compounds were selected to be representatives (i.e.. 
not a complete set).
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Table 1.3 Photochemical Reaction Products from Ring Cleavage of Monoaromatic 
Hydrocarbons
aromatics Product Molar Yield Reference
Benzene Glvoxal 0.207+0.019 Tuazon et al., 1986
Toluene
Formaldehyde 0 . 0 1 Dumdei et al.. 1988
Glyoxal
0.08
0.111±0.013
0.105+0.019
Shepson et al., 1984 
Tuazon et al., 1984 
Tuazon et al., 1986
Pyruvaldehyde
0.075
0.146±0.104
0.146±0.006
Shepson et al., 1984 
Tuazon et al.. 1984 | 
Tuazon et al.. 1986
Dihydro-2,5-furandione 0.22+0.09 Forstner et al., 1997
2 -butenedial 0 . 0 1 Shepson et al.. 1984
Ethylbenzene
Dihydro-2,5-furandione 0.025±0.035 Forstner et al., 1997
3-methyl-2,5-
Furandione
0.17±0.055 Forstner et al., 1997
/7-Xylene
Formaldehyde 0.17±0.02 Bandow et al., 1985
Glyoxal 0 . 1 2 0 ± 0 . 0 2 0
0.225±0.039
Tuazon et al.. 1984 j 
Tuazon et al.. 1986 i
Pyruvaldehyde 0.111±0.0150.105±0.034
Tuazon et al., 1984 | 
Tuazon et al., 1986 j
Dihydro-2,5-furandione 0.042±0.047 Forstner et al., 1997
3-methyl-2,5-
Furandione
0.53±0.27 Forstner et al., 1997
/w-Xylene
Formaldehyde 0.01-0.04 Gery' et al.. 1987
Glyoxal 0.104±0.0200.086±0.011
Tuazon et al.. 1984 
Tuazon et al., 1986
Pyruvaldehyde 0.265±0.0350.319±0.009
Tuazon et al., 1984 
Tuazon et al., 1986
Peroxyacetylnitrate = 0 . 0 1 Gery et al.. 1987
3-methyl-2,5-
Furandione
0.61±0.14
1
Forster et al.. 1997
(7-XyIene
Formaldehyde 0.02-0.05 Gery et al.. 1987
Pyruvaldehyde
0.116
0.23±0.03
0.246±0.020
Shepson et al., 1984 
Bandow & Washida, 1985a 
Tuazon et al.,1986
Glyoxal
0.034
0.08±0.04
0.087±0.012
Shepson et al., 1984 
Bandow & Washida, 1985a 
Tuazon et al., 1986
Biacetyl =0.08 Gery' et al., 1987
2 -butenedial 0.013 Shepson et al., 1984
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Figure 1.2 a. Structures of Monoaromatic Hydrocarbons
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Figure 1.2 b Structures o f Aldehydes
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CHAPTER 2 
ANALYSIS METHODS
2.1 Sampling and Laboratory Analytical Method for Monoaromatic Hydrocarbons
A knowTi volume o f ambient air is drawn through the Tenax-TA- and charcoal- 
packed tubes. Air passed through the Tenax tube first and ethylbenzene, xylenes, toluene 
and part o f  the benzene was collected. The second charcoal tube was packed with 
charcoal to collect any benzene and toluene that passed though the Tenax tube. After 
sampling, each sample tube was placed in a glass tube with Teflon screw cap and 
refrigerated until analysis. The mbes were thermally desorbed to release the analytes into 
the GC-PID. The PID is more selective and sensitive for aromatic hydrocarbons than a 
flame ionization detector (Nutmagul and Dagmar, 1983; Driscoll. 1977).
The apparatus for monoaromatic hydrocarbon analysis consists o f  charcoal tubes 
(packed with 10.0 mg SK-4, 40/60 mesh activated carbon), Tenax tubes (packed with 
25.0 mg , 60/80 mesh Tenax-TA), a circulating bath (Forma Scientific), a SRI 8610 
Chromatograph with PID Detector, a CN 2042 profile controller (OMEGA®. Omega 
Engineering, Inc.) and an AT-5 fused silica capillary column (30m x 0.53mm. 5.0 pm 
film thickness).
The charcoal absorbent referred to SK-4 40/60-mesh activated carbon purchased 
from Alltech Associates Inc., Deerfield, IL. The Tenax absorbent was 60/80 mesh Tenax-
11
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was also produced by Alltech Associates Inc.. Deerfield. IL. All standards were anahtical 
grade reagents.
Mass Flow 
Controller Pump
Charcoal
Tube
Vent
Mass Flow 
Readout
Tenax
Tube
Time Meter Thermometer
Air
Figure 2.1 Sampling Device for Monoaromatic hydrocarbons
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Sampfing 
tube ^
To detector
Column
Carrier
gas
GC Septum injection
b.
Sampling 
tube A
■5»— To detector
ColumnCarrier
gas
GC Septum Injection
Figure 2.2 Schematic Diagram of a GC with a Thermal Desorption Unit 
a) "Load" Mode, b) "Injection" Mode", (Tran, 1997)
Sampling and analysis procedure
Sampling and analysis was similar to what was described by Tran, 1997. The 
sampling apparatus was assembled as shown in Figure 2.1. A schematic diagram o f the 
instrument was showm in Figure 2.2. Monoaromatic hydrocarbons were injected by 
thermal desorption. The thermal desorption injector included a 7/16 inches glass jacket, 
which was wrapped by a wire heater and temperature probe (Type J Thermocouple). An 
attached Omega© controller (Model CN 2042, Omega Engineering, Inc.) was used to
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control the temperature inside the glass jacket. The small diameter o f  the glass allowed 
for rapid heat to transfer from the glass jacket to the Tenax tube or charcoal tube during 
thermal desorption. The thermal desorption unit was connected to the column of a SRI 
8610 Gas Chromatography by a four-port Valco(TM) valve.
When the valve was kept in the load position, the temperature within the 
packing was ramped in a 3-minute period to I60°C for tubes packed with Tenax and 
220°C for tubes packed with charcoal. When the valve was rapidly switched to the 
“injection” position, the carrier gas swept the desorbed analytes into the GC column. The 
temperature in the tube was held constant for an additional 4 minutes before it was 
allowed to cool to room temperature.
For calibration, the valve was kept in the “inject” position while the standard gas 
was injected into the GC through the injection port septum. The tube absorbed the 
standards which were swept though the septum of injection by carrier. The standard was 
then analyzed following the thermal desorption process described above.
Gas chromatography conditions were as follows. Temperature o f injection port 
was kept at 200°C. Temperature o f  PID detector was 200 °C. The attenuator was 8 . The 
column temperature program was held at 45°C for 5 minutes, then ramped at 1 2°C/min to 
165°C. then held at 165°C for 10 minutes. The column inlet pressure for the helium 
carrier gas was 2 0  psi.
Calibration
More than 2 ml o f each monoaromatic hydrocarbon was added to 100-ml glass 
bottles equipped with Mininert push-button valves. These bottles were then put into a
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water-jacketed glass jar. The temperature o f circulating bath was kept at 25^C. The bottle 
was kept at 25^C to maintain a constant vapor pressure for each monoaromatic 
hydrocarbon.
A 125ml-glass gas sampling flask with septum port (Chemglass. Inc.. Vineland, 
N.J.) was cleaned, dried and filled with nitrogen gas at atmospheric pressure. A known 
volume o f nitrogen was withdrawn from the flask through the septum using a gas-tight 
svTinge. This volume was replaced with an equal volume o f  headspace from each 
monoaromatic hydrocarbon. For Tenax tubes, known amounts o f saturated vapor of 
benzene, toluene, ethylbenzene, o-xylene and m- and p-xylene were added to the I25-ml 
flask. For charcoal-packed tubes, known amoimts o f saturated vapor o f benzene and 
toluene were added to the flask.
The flask was shaken gently and allowed to mix for about 60 minutes. Known 
volume o f tlie gas standard prepared in the flask were loaded to the sampling tube using 
gas-tight syringes. Benzene, toluene, ethylbenzene. m- and p-xylene, and o-xylene could 
be separated using AT-5 fused silica capillary column (30m x 0.53mm. 50 pm film 
thickness). M-xylene and p-xylene were measured as /?-xylene and reported as m- and p- 
xylene since the column used could not resolve these two compounds.
The mass o f each monoaromatic hydrocarbon in 125 ml glass flask was calculated 
assuming ideal gas behavior by using the following equation:
Mass o f monoaromatic hydrocarbon = P x V x Mw / (R x T) (2.1)
P = vapor pressure of monoaromatic hydrocarbon at 25°C.
V = volume of monoaromatic hydrocarbon saturated vapor injected to the glass
flask.
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Mw = molar mass o f monoaromatic hydrocarbon.
R = gas law constant
T = 298.15 K
Figure 2.3 shows typical chromatograms for a  monoaromatic hydrocarbon 
standard and an air sample, both desorbed from charcoal and Tenax tubes. The retention 
time was reproducible and was used to identify the analytes. Table 2.1 shows retention 
time precision. Standard deviation of retention time from standard analysis was used to 
establish an allowable retention time window. The window widths for benzene and 
toluene were 0.058 minutes and 0.034 minutes respectively when the analytes were 
desorbed from charcoal tubes. The window widths for benzene, toluene, ethylbenzene. m- 
and / 7-xylene, o-xylene were 0.098 minutes, 0.076 minutes, 0.042 minutes, 0.034 minutes 
and 0.040 minutes respectively when the analytes were desorbed from Tenax tubes. 
Moreover, the retention time for benzene and toluene was different when anaKtes was 
desorbed from charcoal tubes and Tenax tubes. Therefore, analytes desorbed from 
charcoal tubes and Tenax tubes were identified using standard chromatograms from 
charcoal tubes and Tenax tubes respectively.
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Figure 2.3 Chromatograms: a) Monoaromatic Hydrocarbon Standard
b) Air Sample (collected on 02/02/99)
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Table 2.1a Retention Time(min) Precision for Benzene and Toluene (Charcoal 
Tubes)
No. o f 
Inj.
I 2 3 4 6 7 8 Std. Avg.±Std.
Benzene 4.483 4.458 4.500 4.470 4.541 4.500 4.516 0.029 4.495±0.029
Toluene 7.900 7.900 7.916 7.910 7.950 7.916 7.925 0.017 7.9I6±0.017
Table 2.1b Retention Time(min) Precision for Monoaromatics (Tenax Tubes)
No. o f Injection 1 2 3 4 5 6 7 Std. Avg.
±Std.
Benzene 4.841 4.725 4.716 4.741 4.825 4.775 4.800 0.049 4.775
±0.049
Toluene 8 . 1 0 0 8.050 8.033 8.050 8.091 8.116 8.133 0.038 8.082
±0.038
Ethylbenzene 10.208 10.175 10.175 10.183 10.208 10.216 10.225 0 . 0 2 1 10.199
± 0 . 0 2 1
m- and / 7-Xylene 10.375 10.341 10.341 10.350 10.366 10.375 10.383 0.017 10.362
±0.017
o-Xylene 10.841 10.808 10.808 10.825 10.841 10.850 10.858 0 . 0 2 0 10.833
± 0 . 0 2 0
The thermal desorption from different Tenax tubes or from different charcoal 
tubes was reproducible. The precision o f the analytical response for benzene, toluene, 
ethylbenzene. m- and p-xylene and o-xylene desorbed from three different Tenax tubes in 
three days were 8 %, 10%, 14%, 10% and 12% (Table 2.2a). The response precision for 
benzene desorbed from three different charcoal tubes was 6 % (Table 2.2b).
The precision o f the analytical response for toluene, ethylbenzene, m- and p- 
xylene and o-xylene desorbed from Tenax and directly injected were 4%, 7%. 12% and 
13% respectively, which means that the absorption and desorption were reproducible.
The response factors for benzene desorbed from charcoal tubes. Tenax tubes and 
direct injection were comparable. The precision for all o f  these three different injection 
methods was 12%. Therefore, it is acceptable to use the calibration curve for benzene
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desorbed from Tenax to determinate the amount o f benzene in a sample by the total area 
provided by the sum o f  the areas from a Tenax and a charcoal tube. However, for toluene, 
the response factors from charcoal tubes were much smaller than those from Tenax tubes 
or direct injection. The reason was the destruction o f toluene on charcoal, since we 
previously observed alkyl aromatic hydrocarbons undergo various reactions on charcoal 
tubes. Another possible reason is that the desorption rate o f toluene from charcoal may be 
too slow for quantitative recovery. Since the absorption and desorption were efficient for 
Tenax tubes, it should be acceptable to use the calibration curve o f toluene desorbed from 
the Tenax to approximately calculate the amount o f toluene in a sample.
Table 2.2a. Response Precision for Monoaromatics (Tenax Tubes)
Date. Tube 4/8/99, 
Tube I
4/11/99, 
Tube2
4/16/99.
Tube3
Avg. Std. Std./avg.
Benzene 2541.84 2848.18 3008.65 2799.56 237.17 0.08472
Toluene 1752.1 1978.81 2156.57 1962.49 202.73 0.1033
Ethylbenzene 387.13 475.21 370.45 410.93 56.29 0.1370
m- and p- 
Xylene
747.81 868.04 909.76 841.87 84.09 0.09988
o-Xylene 393.65 452.23 359.47 401.78 46.91 0.1168
The amount o f injection, ng: benzene, 378; toluene, 400; ethylbenzene. 104; m- 
xylene. 144; o-xylene. 71.7.
and p-
Table 2.2b. Response Precision for Benzene (Charcoal Tubes )
Date, Tube 4/8/99.
Tubel
4/8/99.
Tube2
4/11/99,
Tube3
Avg. Std. Std ./avg
Benzene 2609.58 2332.7 2505.8 2482.69 139.88 0.05634
The amount o f injection, ng: benzene, 302.
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Table 2.2c. Response Precision for Monoaromatics Desorbed from Charcoal Tubes,
Different Injection Benzene Toluene Ethylbenzene m- and p- 
Xylene
o-Xylene
Desorbed from Charcoal 1088.31 — — —
Desorbed from Charcoal 1252.31 — —— — ——
Desorbed from Charcoal 1095.63 — — — ——
Direct Injection 1086.15 637.74 110.56 174.63 67.7
Direct Injection 1511.46 677.95 131.11 199.09 83.71
Direct Injection 1140.35 690.68 130.5 216.16 87.37
Desorbed from Tenax 1156.45 687.78 131.48 241.21 96.85
Desorbed from Tenax 1081.32 642.63 119.69 224.23 88.71
Std. 146.97 25.31 9.30 25.39 10.73
Average 1176.50 667.36 124.67 211.06 84.87
Std.* 100/Average 12.49 3.792 7.46 12.03 12.65
Note: Amount o f  injection, ng:
Benzene: 151; toluene, 160; ehtylbenzene, 41.1; m- and/?- xylene. 57.5; o-xylene. 28.6. 
The standard was prepared 6  days before injection, therefore, the concentration o f 
analytes had changed a little and the amount o f  injection was approximate values. 
However, these were allowed for precision analysis.
Calibration curves
The standard curve for the monoaromatics studied covered a wide concentration 
range, and encompassed the range o f  monoaromatics found in samples. The response 
factors for the monoaromatic hydrocarbons were in general not linear over the entire 
concentration ranges. Figure 2.4a displays the relationship between area and amounts for 
all of the monoaromatic hydrocarbons measured in the study. The slopes o f the 
calibration cur\'es similarly decrease with increasing amoimts o f injection. Therefore, 
different calibration ranges were used for the various concentrations encountered in the 
samples. Figure 2.4 b shows the calibration curves for restricted ranges.
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Sampling breakthrough test
For the sampling conditions used in this research, the breakthrough for each 
monoaromatic compound was negligible. For the combination o f Tenax tube and 
charcoal tube in series. 99.8% benzene, 99.9% toluene were absorbed in the two tubes, 
while 92.7% ethylbenzene. 91.7% o f  m- and p-xylene. and 86.9% of o-xylene were 
absorbed in the Tenax tube.
Table 2.3 Breakthrough Test for monoaromatics (% lost) in A ir Sampling
Vt. Std./L Benzene(T+C) Toluene(T+C) Ethylbenzene m -and p- 
Xvlene
o-Xylene
145(T),
135(C)
0 . 2 0 . 1 7.3 8.3 13.1
T: Tenax Tube, C: Charcoal Tube, Vt Std.: the volume o f collected air at standard 
condition (temperature was 298 K and pressure was 1 atm.).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T )
Benzene
15000 .
CD 1 0 0 0 0  i
5000 :
0 10000 20000
Amount of INJ/ng
15000
Toluene
m 1 0 0 0 0
5000 :
0 10000 20000 
Amount of INJ/ng
Ethylbenzene
1500
1000
^  500 -
0 500 1000
Amount of INJ/ng
m -and p-Xylene
4000
3000
0 2000 4000
Amount of INJ/ng
o-Xylene
2000
0 800 1000 1200 1400200 400 600-1000
/Amount of INJ/ng
Figure 2.4a Area vs. Amount o f  Monoaromatic hydrocarbons
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2.2. Sampling and Laboratory Analysis Method for Aldehydes 
A known volume o f outdoor air was drawn through a prepacked Cis cartridge 
(Waters Chromatography) which was coated with acidified 2,4-dinitrophenylhydrazine 
(DNPH). A 2.4-dinitrophenylhydrazone derivative was formed by reaction o f DNPH with 
the aldehyde in the presence o f acid and absorbed in the Cis cartridge. Figure 2.5 shows 
formation o f  2. 4 - dinitrophenylhydrazone from aldehyde. After sampling, the cartridge 
was capped and placed in a  borosilicate glass test tube with a Teflon-lined screw cap and 
refiigerated. Samples were held for no more than 30 days before analysis. The cartridge 
was eluted with a known volume o f acetonitrile and the eluate was then analyzed by High 
Performance Liquid Chromatography (HPLC) with an UV/VIS detector at 360 nm (EPA 
method 0100, 1996; EPA method 83ISA, 1996).
O g N  (\ / ) -------N H -N H z  +  R C H O
N O :
O n N  ( \  / ) -------N H -N = C H R  +  H gO
N O 2
Figure 2.5 Formation o f 2,4 - Dinitrophenylhydrazone Derivative (from Aldehyde)
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Aldehydes and a-carbonyls were collected on a C,g cartridge. Sampling was 
performed with a vacuum pressure pump (Bamant Company), while the flow rate was 
controlled with mass flow meters and mass flow controllers. Aldehyde concentrations 
were measured by a Waters High Performance Liquid Chromatography system. This 
instrument includes two Waters 501 pumps, LC Spectrophotometer (Lambda-Max. 
Model 481). column (ECONOPHERE Cig 5U. I.D.: 4.6mm. Length: 250mm). NEC 
com puter and NEC pin writer printer.
The water was organic-free and prepared on a Barstead Nanopure device 
(Bamstead; 18 pfl-cm). Nitrogen gas was high purity grade. All reagents were analytical 
grade or better.
The acidified 2,4-dinitrophenylhydrazine (DNPH) C6 H4 N 4 O2  was prepared by the 
following procedure. A mixture o f 0.1 g DNPH (Baker Grade) and one milliliter of 
phosphoric acid was placed into glass tube. The tube was ultrasonicated and warmed until 
the DNPH dissolved. Hexane ( 6  ml) was added to the glass tube to extract and then 
remove impurities. The tube was centrifuged for about 5 minutes. The upper hexane layer 
was then discarded. This extraction was repeated three times. The DNPH (lower layer) 
was transferred to 1 0 0 -ml volumetric bottle and acetonitrile was added to the mark.
The Sep-Pak C|g cartridges were coated with DNPH reagent as follows. The 
cartridge was connected to a 10ml syringe barrel. Two milliliters o f  DNPH was added to 
the syringe barrel and the coating reagent DNPH was drained by gravity through the 
cartridge until the flow stopped. The cartridge was removed from the syringe and the 
excess liquid was wiped with clean tissue paper. The cartridge was put into a Pyrex glass 
tube and dried with passed through nitrogen for 2 days. The coated cartridge was placed
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in a clean screw cap test tube and identified with a serial number. The cartridge was 
refrigerated until use. The time between preparation and use was less than 90 days.
Stock standard aldehyde solutions were prepared as follows. Formaldehyde, 
acetaldehyde. benzaldehyde. and glyoxal and pjTuvaldehyde (0.0446 g. 0.0437 g. 0.0415 
g. 0.0511 g and 0.0462 g respectively) were weighed into a 25-ml volumetric bottle. 
Acetonitrile was added to the mark. The resulting concentrations o f formaldehyde, 
acetaldehyde. benzaldehyde, glyoxal and pyruvaldehyde were 22. 39.5. 15.7. 14.1 and 
10.3 nmol/pL, respectively.
Sampling and analvsis procedure
Sample collection, preservation and handling was similar to U.S. EPA SW-846 
Method 0100 (1996). The sampling system was assembled and inspected to ensure that 
there were no leaks in the system. The cartridge was connected to the sampling train. The 
short end o f the Sep-Pak cartridge became the sample inlet. As the pump was activated, 
the flow rate was adjusted to 0.5-0.9 L/minute and the start time was recorded. Sampling 
was carried out for 12, 24 or 36 hours, with periodic recording o f the flow rate, pressure 
and temperature. At end o f  the sampling period, the cartridge was removed immediately 
from the sampling system and placed back in the original labeled tube. The tube was 
sealed with Teflon tape, and placed in a refrigerator. The refrigeration period prior to 
analysis did not exceed 30 days.
The follow equation was used to calculate the total volume o f air sampled, Vjoi 
and the total volume o f air sampled at standard condition, Vrotstd in liter at 25°C and 101.3 
kPa.
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Vrot = (Time^-Timei) X FRave (2 .2 )
VToBtd =  VTotX Pave X 298K / (101.3kPa X (273K + Tave)) (2.3)
Time: = Stop time (min), Timei= start time (min),
FRave = average flow rate L/min
Pave = average air pressure (kPa). Tave = average air temperature (°C)
HPLC conditions were as follows. The Ultraviolet detector was operated at 
360nm. The mobile phase flow rate was: l.Oml/min. The injection volume was 20 ul. The 
mobile phase composition program is presented in Table 2.4.
Table 2.4. HPLC Mobile ’base Gradient
# Time(Minute) %A %B
1 0 . 0 50.0 50.0
2 2 . 0 50.0 50.0
3 17.0 2 0 . 0 80.0
4 27.0 2 0 . 0 80.0
5 30.0 50.0 50.0
6 40.0 50.0 50.0
Note: A = water with 0.1% phosphoric acid, B = acetonitrile with 0.1% phosphoric acid.
The calibration standard was prepared by adding 0, 1. 2, 5. 10. 20 pi o f  the stock 
standard solution or experiment standard solution (diluted stock standard solution) to 1 
ml o f  DNPH coating reagent, so that the aldehyde formed a 2,4-dinitrophenylhydrazone 
solution o f known concentration. The solution (20 pi) was then injected into the HPLC.
A graph o f concentration vs. response was made to form the calibration curve. 
The calibration curve was verified before and after analysis by measuring one or more 
calibration standards. The daily response factor fell within ±15% o f  the initially 
established calibration factor.
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Samples were analyzed as follows. The sample cartridge was removed from the 
labeled culture tube and connected to a clean syringe by the long end of the cartridge. 
Then the cartridge was back flushed (gravity feed) by passing 2 ml of acetonitrile from 
the syringe through the cartridge into a test tube. Twenty microliters o f this solution was 
analyzed by HPLC.
From the area of sample peak for each analyte and the response factor, the 
concentration o f  each analyte in the extraction solution was calculated. The concentration 
o f each analyte in  air was calculated using the following equation (2.4):
Cone, in air (ppb.) = Cone, in extraction solution (nmol/ml) x 2 x 0.082 x 298 / Vtotstd 
Vtotstd was the volume o f collected air at standard condition (temperature was 298 K and 
pressure was 1 atm.).
Formaldehyde, acetaldehyde, benzaldehyde, glyoxal and pyruvaldehyde were 
separated by Cig column and then detected by a UV detector. Table 2.5 shows the 
precision o f retention time. The retention time window widths for formaldehyde, 
acetaldehyde, benzaldehyde, glyoxal and pyruvaldehyde were 0.082 minutes, 0.116 
minutes. 0.106 minutes, 0.102 minutes and 0.078 minutes respectively. The precision of 
the retention time was sufficient small to allow identification o f different individual 
aldehydes. Chromatographic separation is illustrated by Figure 2.6 which shows both an 
aldehyde standard and a typical sample chromatograms.
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Table 2.5 Retention Time (minute) Precision for Aldehydes
Comp Inj.
1 st
Inj.
2 nd.
Inj.
3rd.
Inj.
4th
Inj.
5th
Inj.
6 th
Inj.
7th
Average
±Std.
Form. 8.25 8.158 8.142 8.192 8.217 8.25 8.242 8.207
±0.041
Acetal. 10.675 10.558 10.542 1 0 . 6 10.675 10.700 10.658 10.630
±0.058
Benzal. 19.117 19.100 19.117 19.08 19.208 19.233 19.142 19.14
±0.053
Glyoxal 20.117 20.092 20.108 20.083 2 0 . 2 0 0 20.225 20.142 20.138
±0.051
Pyruval 22.242 22.225 22.233 22.233 22.317 22.325 22.267 22.263
±0.039
Note; Comp.; Compoimd. Form.; Formaldehyde, Acetal.; Acetaldehyde, Benzal. 
Benzaldehyde, Pyruval.; Pyruvaldehyde
The relationships between aldehyde derivatization time and 
dinitrophenylhydrazone yields were established. Since the aldehyde derivative forms in 
the sampling tube, the reaction must be completed quickly. These results demonstrated 
that the derivatization o f aldehydes is rapid, since most o f aldehydes were quantitatively 
derivatized in less than 8  minutes. However, the reaction rates are different for different 
aldehydes. Benzaldehyde derivatization is the most rapid and the derivative is stable, so 
that the R square for calibration is better than other aldehydes. Acetaldehyde 
derivatization is the slowest and acetaldehyde has more than a 50% breakthrough during 
collection. This method appears less suitable for acetaldehyde analysis than the other 
aldehydes examined. However, because of reproducible sampling conditions, less than 
quantitative yields can still be used for analysis if the data are interpreted with caution. 
Figure 2.7 shows the relation between reaction time and percent yield %.
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Figure 2.7. The Relation between Percent Yieid% and Aldehyde Reaction 
Time. The concentrations o f aldehydes were formaldehyde: 22.0 nmol/ml. acetaldehyde: 
39.5 nmol/ml, benzaldehyde: 15.7 nmol/ml, glyoxal: 14.1 nmol/ml, pyruvaldehyde: 10.3 
nmol/ml.
The triplicate analysis result for the aldehyde standard shows that the anal>aical 
precision was better than 1 0 %. with the exception o f acetaldehyde.
Table 2.6. Response Precision for Aldehydes
Injection date 28-Feb 28-Feb 1-Mar Std. Average Std./Avg.
Formaldehyde 446770 484649 531532 42460 487650 0.09
Acetaldehyde 236484 198217 326655 65943 253786 0.26
Benzaldehyde 641741 664970 721859 41220 676190 0.06
Glyoxal 342551 363230 383443 20446 363074 0.06
Pyruvaldehyde 170199 201013 168501 18300 179904 0 . 1 0
Note: Concentration o f standard were formaldehyde: 22.0 nmol/ml, acetaldehyde: 39.5 
nmol/ml, benzaldehyde: 15.7 nmol/ml, glyoxal: 14.1 nmol/ml, pyruvaldehyde: 10.3 
nmol/ml.
Std.: standard deviation; Avg.: average.
Calibration curves
The analysis o f aldehydes showed an excellent correlation between the area and
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the concentration o f aldehydes. The R“ for all five calibration curves of different 
aldehydes were higher than 0.99. The concentrations of aldehydes in our sample 
extraction solutions fell in the linear range for the calibration curves. Figure 2.8 show the 
typical calibration curves for aldehyde analysis.
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Figure 2.8 Calibration Curves for Aldehyde Analysis Using HPLC
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Figure 2.8 (continued) Calibration Curves for Aldehyde Analysis Using HPLC
Sampling breakthrough and reproducibility test
Sampling breakthrough was tested by using two cartridges in series. The 
concentrations o f analytes in the second tube indicated the fraction o f  aldehydes that 
broke though the first cartridge. The breakthough test results are shown in Table 2.7. 
Under the condition of sampling used in this research, almost all o f  the formaldehyde, 
benzaldehyde, glyoxal and pyruvaldehyde were reacted with DNPH and absorbed in the 
Ci8 sampling cartridge. The breakthrough o f acetaldehyde was greater than 50%. 
However, since sampling conditions were kept consistent through this project, the 
acetaldehyde concentrations measured, although less accurate than the results for the 
other aldehydes, are still indicative of atmospheric abundance.
Two sampling devices were set up simultaneously to collect replicate air samples 
for reproducibility test. The analytical results for replicate samples were comparable. The
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typical relative standard deviation for replicate analysis is shown in Table 2.8.
Table 2.7. Breakthrough Test for Aldehydes in A ir Sampling (% lost)
Volume o f air 
collected at 
Std./L
Formaldehyde Acetaldehyde Benzaldehyde Glyoxal Pyruvaldehyde
2072 0 78 0 0 9
1610 0 48 0 0 5
2586 0 59 0 0 0
Table 2.8. Relative Standard Deviation for Replicate Samplin g on 8/14/1998
Formaldehyde Acetaldehyde Benzaldehyde Glyoxal Pyruvaldehyde
5% 0 0 13% 12%
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CHAPTER 3 
RESULTS AND DISCUSSION 
3.1.Introduction
Strong correlations within the monoaromatic hydrocarbons, within the aldehydes 
and between the two classes o f compounds were found. These correlations are discussed 
in this chapter. Since sources, transport, and photochemical reactions contribute to the 
observed concentration o f various compounds in ambient air, data analysis is much more 
ambiguous in real samples than in an environmental chamber. In order to discuss the 
relationship between monoaromatic hydrocarbons and aldehydes in ambient air, we need 
to know the sources and sinks for each type o f  compound. Sources and sinks are 
discussed in section 3.2 and section 3.3 for monoaromatics and aldehydes respectively. 
The relationship between the monoromatic group and the aldehyde group is covered in 
section 3.4 and demonstrates that the photochemical decomposition mechanism of 
monoaromatic hydrocarbons in atmosphere is supported by observations in ambient air.
In addition to determining correlations between analytes, the sources of 
monoaromatics and aldehydes are discussed by comparing their concentrations to CO 
concentrations in ambient air, since it is well known that the major sources o f CO are 
vehicle emissions (Informatics, 1979). NO and NO 2  concentrations, which also originate
35
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mostly from automobiles in Las Vegas, are also discussed to strengthen conclusions on 
sources.
Studying the importance of photochemical reactions o f  monoaromatics is 
achieved by the following approach. First. CO is used to normalize the concentration of 
monoaromatic hydrocarbons and aldehydes. CO is much more stable than other 
pollutants in the ambient air, i.e., CO degrades much more slowly than other species in 
ambient air. Therefore, any short-term changes in CO concentration are due to factors 
other than photochemical reactions, such as, source variation, dilution from increasing in 
mixing height or turbulent mixing caused by the wind. For compounds that originate 
from motor exhaust, normalization to CO should eliminate the dilution effect on their 
observed concentration. If the concentration o f  aromatic hydrocarbons and aldehydes are 
divided by the concentration of CO, the changes in normalized concentration should 
show the effect o f  chemical reactions or sources other than vehicle exhausts.
The relationships between CO normalized concentration o f different target 
analytes in each group (aromatic hydrocarbon group and aldehyde group) are discussed in 
order to determine if  their concentrations are similarly influenced by photochemical 
reactions.
CO normalized concentrations o f monoaromatics and aldehydes are compared 
with CO normalized concentration of O3 . O 3  indicates the occurrence of photochemical 
reactions, and high O 3  implies high OH radical, which plays an important role in 
atmospheric chemistry. It was reported that the primary source o f OH radical in 
troposphere is the photolysis o f  O3 followed by the reaction of excited oxygen atom with 
water (Hewitt, 1985). The CO normalized concentration of O3 resulted from dividing its
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concentration by CO concentration represents the extent of photochemical production 
relative to vehicle sources.
The correlations between CO normalized concentrations o f monoaromatics and 
those o f  aldehydes are calculated by using the most representative compound from each 
group. Using these results, photochemical reaction mechanisms in ambient air are further 
discussed.
3.2 The behavior o f monoaromatic hydrocarbons in ambient air 
Concentrations of monoaromatic hydrocarbons measured from 01/30/1999 to 
03/02/1999 are listed in Table A-1 and graphed in Figure 3.1. The concentration ranges 
for benzene, toluene, ethylbenzene, m- and p-xylene, o-xylene are 0.29-20 ppb, 0.50-97 
ppb, 0.058-1.2 ppb, 0.20-5.5 ppb and 0.074-2.4 ppb respectively. Among the 
monoaromatic hydrocarbon species, toluene is dominant, followed by benzene, m- and p- 
xylene. o-xylene and ethylbenzene. There is significant correlation among the 
concentrations of monoaromatic hydrocarbons. This implies that the monoaromatic 
hydrocarbons may come from the same source and disperse in the same way. However, 
the correlation between benzene and other monoaromatic hydrocarbons is not as good as 
among the other monoaromatics. This probably because the lifetime o f benzene is longer 
and its boiling point is lower than other monoaromatic hydrocarbons. Correlations among 
monoaromatic hydrocarbons are shown in Figure 3.1 and Figure 3.2. When 
concentrations o f  monoaromatics are plotted against sampling date in Figure 3.1, the 
similar trends in concentration are observed. Linear correlations among different 
monoaromatic hydrocarbons are observed with r^ from 0.63 to 0.98. These correlations
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are significant (Graham, 1993) using t-test with p-values o f  0.9940-0.9998. Table A-2 
shows the probabilities o f  correlation coefficient within monoaromatic hydrocarbons.
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Figure 3.2 (continued) Correlation between Concentrations (ppb) of Monoaromatics
There are strong correlations between concentrations o f monoaromatic 
hydrocarbons, which were measured at the University o f Nevada. Las Vegas campus and 
that o f  carbon monoxide, which were provided by Clark County Health District and 
measured hourly at the Flamingo East Air Monitoring Station (584 E. Flamingo Road). 
Coefficients o f determination (r") values from 0.56 to 0.93 were obtained for the linear 
regression between monoaromatic hydrocarbons and carbon monoxide. The correlations 
between monoaromatic hydrocarbons and carbon monoxide are significant with p-value 
o f 0.9800-0.9998. Since it is well known that CO comes from automobiles, this 
observation implies that automobile is the major source for monoaromatic hydrocarbons.
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However, the correlations between different monoaromatics and CO decreases with the 
decreasing o f  boiling point o f monoaromatic hydrocarbons, i.e.. correlation coefficient 
between CO and benzene, toluene, ethylbenze. m- and ^-xylene, and o-xylene are 0.56. 
0.65. 0.87. 0.93. 0.93 in order. This implies that the monoaromatics. especially benzene 
and toluene may have other sources, such as evaporation, which would not correlate with 
CO emission. The input amount o f  monoaromatic hydrocarbons from these sources 
increases as the boiling point o f monoaromatic hydrocarbon decreases.
Moreover, the concentrations o f nitrogen monoxide NO and nitrogen dioxide 
NO 2 , which were provided by Clark County Health District and measured hourly at E. 
Sahara Station (4001 Sahara Ave.), show moderate to good correlations with 
concentrations o f  different monoaromatics. The value o f r" increases as the boiling point 
o f monoaromatic hydrocarbon increase. Nitrogen monoxide, NO is an important primary 
pollutant emitted from mobile. NO 2  is emitted directly from mobile sources as well as 
being formed from chemical reactions o f NO. Therefore, the strong correlations between 
monoaromatic hydrocarbons and NOx support the above conclusion that the major 
sources o f monoaromatic hydrocarbons are vehicle emissions. The similarity of 
concentration trends for monoaromatic hydrocarbons and three air pollutants is shown in 
Figure 3.3 and the correlations between them are shown in Figure 3.4a, Figure 3.4b and 
Figure 3.4c. Table A-3a, Table A-3b and Table A-3c list the t-test results for these 
correlations. The average concentration o f CO, NO and N O 2  during sampling period are 
listed in Table A-3d.
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In order to  estimate the extent o f  photochemical reactions o f  monoaromatic 
hydrocarons in the air, the ozone concentration is chosen as an index o f photochemical 
activity. Photolysis o f  ozone produces excited oxygen atom, which in turn reacts with 
water to produce OH radical. This process is the primary source of OH radicals, which 
can react with monoaromatic hydrocarbons and reduce their concentration in ambient air. 
Using this reasoning, an inverse relationship between monoaromatic hydrocarbons and 
ozone is predicted. Moderate negative correlations were found between the 
concentrations o f monoaromatic hydrocarbons which were measured at University of 
Nevada, Las Vegas campus and the ozone concentration which were provided by Clark 
County Health District (measured hourly by City Center - 559 N. 7th Street). The r" 
ranged from 0.28 to 0.52 and the t test shows that these correlations are significant with 
probability values from 0.80 to 0.98. Figure 3.5a illustrates the negative correlation 
between monoaromatic hydrocarbons and ozone. Figure3.5b shows the correlation curves 
between concentration o f monoaromatic hydrocarbons and ozone. The t-test results are 
listed in Table A-4a. The average concentrations o f O3 during sampling period are listed 
in TableA-3d. However, even though negative correlations between concentrations of 
monoaromatic hydrocarbons and that o f  O3 are consistent with the prediction, other sinks 
o f  monoaromatics must be ruled out to prove the dominance o f photochemical reactions. 
The CO normalized concentrations o f monoaromatic hydrocarbons provide a key tool for 
eliminating dilution effects if  sources other than motor emission can be ignored.
The CO normalized concentrations o f monoaromatics are plotted against 
sampling date in Figure 3.6a. CO normalized concentration variations follow each other 
very closely with the exception of benzene. This indicates that toluene, ethylbenzene. m-
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and p-xylene, and o-xylene have the similar photochemical behavior while the behavior 
o f benzene is somewhat different. This observation is reasonable since benzene lacks 
alkyl substitution. The reaction between benzene and OH is slower than other 
monoaromatics, and probably leads to differences in predicted CO normalized 
concentration. The correlation between CO normalized concentration o f  monoaromatic 
hydrocarbons was calculated and the results are shown in Figure 3.6b and Table A-4b. 
There are very good correlation among CO normalized concentration o f ethylbenzene. m- 
and / 7-xylene, and o-xylene (r^=0.92-0.96), good correlation between toluene and 
ethylbenzene. m- and /7-xylene, o-xylene (r^=068-0.80) while there is only a moderate 
correlation between benzene and other monoaromatics (r"=068-0.80). The t-test results 
imply that the correlations are significant.
The moderate negative correlation between CO normalized concentration of 
monoaromatic hydrocarbons and that of O3 are consistent with photochemical inferences. 
Figure 3.6c shows plots o f  m- and /7-xylene: CO and O3 : CO concentration ratios vs. 
sampling date. As shown in the graph, the m- and / 7-xylene: CO concentration ratio 
increases when the O3 : CO concentration ratio decreases. This negative correlation 
between various CO normalized monoaromatic hydrocarbons and CO normalized 
concentration o f O3 is shown in Figure 3.6d and the correlation coefficient are listed in 
Table A-4c. T-tests show that these correlations are significant even though the r" are 
from 0.30 to 0.60. The inverse trends between CO normalized concentrations o f 
monoaromatics and that o f  O3 are consistent with photochemical reactions. If O3 
concentrations are indicative o f OH radical concentration, the higher level O3  meanss the 
higher level o f OH radical and leads the more rapid the decomposition of aromatic
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hydrocarbons.
M- and p-xylene, and o-xylene show higher correlation with O3  than the 
ethylbenzene. toluene and benzene. This could indicate that sources are important for 
benzene and toluene and that the photochemical reactions o f  benzene and toluene are 
slower. Ethylbenzene has the lowest observed concentration o f the monoaromatic 
hydrocarbons. Considering the lower CO normalized concentration of ethylbenzene. the 
other sources will affect it much more than the concentration o f  xylenes. M- and /?-xylene 
or o-xylene has been selected for further discussion of photochemical reactions in the air.
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Tran (1997) measured the concentration of monoaromatics in ambient air on the 
UNLV campus from 04/07/1997 to 06/11/1997 and this study measured the concentration 
o f monoaromatic hydrocarbons from 1/30/1999 to 03/02/1999. Since both studies used 
the same instrument, sample collection method, sampling site and analysis procedure, it 
is acceptable to compare both data to get the seasonal variation information when 04/07- 
06/11/1997 close to early summer and 1/30/1999-03/02/1999 to winter-spring.
In general, concentrations o f  monoaromatic hydrocarbons are lower in summer 
than in winter. Since the concentrations o f CO and CO normalized concentration of 
monoaromatics are lower in summer, the lower concentration in summer may due both to 
a higher mixing level in the atmosphere and more rapid photochemical decomposition in 
summer.
The higher evaporation rates and higher level OH radical in summer should lead 
to the lower correlation between monoaromatic hydrocarbons and CO in summer than in 
winter. The comparison between both data supports this prediction.
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3.3 The Behavior o f Aldehydes in Ambient Air 
The concentrations o f aldehydes are listed in Table A-5. The dominant aldehyde 
is formaldehyde, which is consistent with previous observations (Altshuller. 1993). The 
concentrations o f  glyoxal and pyruvaldehyde are very similar. The benzaldehyde is the 
least abundant species. The concentration ranges for formaldehyde, glyoxal. 
pyruvaldehyde and benzaldehyde are 0.04-0.97 ppb. 0.09-0.41 ppb. 0.08-0.28 ppb and 0- 
0.034 ppb respectively. There are good correlations among aldehydes in winter, which 
are shown in Figure 3.7a and Figure 3.7b. However, for summer and winter, the 
correlations between aldehydes are species dependent. There is good correlation between 
glyoxal and pyruvaldehyde while there is no correlation between formaldehyde and 
dicarbonyls (glyoxal and pyruvaldehyde). The correlation between benzaldehyde and 
formaldehyde is better than between benzaldehyde and glyoxal or pyruvaldehyde. Since 
the glyoxal and pyruvaldehyde are dicarbonyls and their source, transport and 
photochemical reactivity are probably similar. Benzaldehyde and formaldehyde have 
similar behavior also. Figure 3.7a. Figure 3.7b and TableA-6 a show the correlation 
among aldehydes in samples collected during 01/27/99-02/17/99. Figure3.8a Figure 3.8b 
and TableA-6 b show the correlation among aldehydes in sample collected from 07/22.^98 
to 02/17/99.
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Both primary emissions o f aldehydes and atmospheric production of aldehydes 
contribute to atmospheric aldehyde concentrations. For the purpose o f this project, the 
contributions o f  primary^ and secondary emissions o f aldehydes were compared.
The correlations between aldehydes which were measured at University o f 
Nevada. Las Vegas campus and CO are calculated and shown in Figure 3.9a. The 
probability o f correlation coefficients between aldehydes and CO, listed in Table A-7a. 
are higher than 0.98. Therefore, it is infered that motor emissions are major sources for 
aldehydes. This conclusion is consistent with the report that aldehydes are emitted from 
the vehicular exhaust (Altshuller, 1993). Analysis o f  NO and NOt measurements 
indicates a correlation between aldehydes and NO, NO?.respectively. The correlations 
between aldehydes and NO are shown in Figure 3.9b and Table A-7b. Figure 3.9c and 
Table A-7c show the correlation between aldehydes and NOi.
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There is strong correlation between CO normalized concentration o f glyoxal and 
pyruvaldehyde (r“ = 0.88 during 01/27/98 - 02/17/99, r  ^= 0.99 during 07/22/98-02/17/99) 
while there are no significant correlations between any other pairs o f CO normalized 
concentration o f aldehydes. Moreover, the correlations between CO normalized 
concentration o f  glyoxal, pyruvaldehyde and O3 are significant also, with r" value o f  0 .7 7 . 
0.70 respectively for data measured from 01/27/98 to 02/17/99 and 0.95. 0.92 for the 
whole analysis data which cover 07/22/98-02/17/99. The correlations are shown in Figure 
3.10a. Figure 3.10b, Figure 3.10c, Figure 3.11a. Figure 3.11b. Figure 3.11c. Table A - 8  
and Table A-9. The similar trends o f CO normalized concentration o f  compounds 
demonstrate their similar photochemical reaction behavior. Figure 3.10a and Figure 3.11a 
show the good correlations between CO normalized concentration of O3 . glyoxal and 
pyruvaldehyde. The CO normalized concentration o f formaldehyde shows a pattern 
similar to glyoxal or pyruvaldehyde on most days. Variation is due to the sources other 
than motor exhausts which can not be ignored. However the CO normalized 
concentration o f formaldehyde does not have good correlation with CO normalized 
ozone. This implies that the direct emission dominates the concentration o f this 
compound. The CO normalized concentrations o f benzaldehyde are too low for 
comparison with other aldehydes. Glyoxal or pyruvaldehyde will be used to further 
discuss the photochemical reactions in ambient air. Formaldehyde will be regarded as an 
index o f directly emission and used to rule out the primary aldehyde sources other than 
motor emission.
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The results discussed above have focused on aldehyde production. This emphasis 
on production does not mean that significant loss processes cannot occur for aldehydes. 
During the daytime, photolysis o f  aldehydes and their conversion to other substances 
occur. Aldehydes react slowly with O3 (Atkinson and Carter. 1984: Atkinson. 1990) and 
NO3 (Wayne et al.. 1991). The daily concentrations are a result o f  production and 
destruction process.
The concentrations o f formaldehyde and benzaldehyde are higher in winter than 
in summer while the concentrations o f  glyoxal and pyruvaldehyde show little seasonal 
variation. Both dilution and photochemical reaction contribute to  this trend. Figure 3.8a 
shows the concentration of aldehydes in ambient air, which measured from 07/22/98 to 
02/17/99. Samples 1-10 were collected in July and August 1998 and samples 11-26 were 
collected from November 1998 to February 1999. Therefore, the concentrations of 
aldehydes in the first ten samples represent the concentration in  summer while next 16 
samples represent winter data. Figure 3.8b and Table A-6 b show  the correlation between 
the concentration o f aldehydes for samples from 07/22/98 to 02/17/99.
Figure 3.11a show plots o f  aldehydes/CO and O3 /CO concentration ratios against 
consecutive sample number. The higher level normalized concentration of O3 and glyoxal 
and pyruvaldehyde were observed in summer since photochemical reactions are more 
pronounced in the summer than in winter. However, the average CO normalized 
concentration of formaldehyde is stable or only slightly higher in  winter sampling period. 
These may be attributed to sources o f formaldehyde other than vehicle exhaust such as 
domestic heating in winter and the short lifetime of formaldehyde in summer. Figure 
3.11b shows the correlation between different aldehyde/CO. Figure 3.11c shows the
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correlation between aldehydes/CO and O3/CO.
The consistent correlation between CO normalized concentration o f  glyoxal. 
pyruvaldehyde and O 3 from summer to winter means the photochemical reactions play an 
important role in their abundance. Hydroxyl radical plays a critical role in atmospheric 
chemistry, because the reaction between OH and other compounds, especially 
monoaromatic hydrocarbons, are much faster than the reaction o f  O3 , NOx etc. Therefore, 
it is reasonable to attribute the positive correlation between CO normalized concentration 
of glyoxal. pyruvaldehyde and O3 to the OH radical reaction mechanism.
3.4 The Relationship between Monoaromatic Hydrocarbons and Aldehydes
The similarity in concentration trends o f  monoaromatic hydrocarbons and 
aldehydes is shown in Figure 3.12. Covariance in concentrations indicates that all of the 
components are emitted from the same sources and are dispersed in the similar manner. 
Because motor vehicles are the major sources o f  monoaromatic hydrocarbons and 
primary sources o f  aldehydes, it reasonable to infer that monoaromatic hydrocarbons and 
aldehydes are emitted predominantly from the internal combustion engines. However, 
this does not exclude the contribution o f other sources such as evaporating fuel.
The correlations between monoaromatic hydrocarbons and aldehydes are shown 
in Figure 3.13 and Table A -10. The correlations between benzaldehyde and aromatic 
hydrocarbons are lower than between other aldehydes, since the low concentrations of 
benzaldehyde are easily effected by other factors, and there are greater errors in the 
benzaldehyde measurements. Probably because benzene has a lower boiling point and a 
lower photochemical reaction rate than other monoaromatic hydrocarbons, its CO
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normalized concentration correlation, with those o f the aldehydes, are lower than other 
monoaromatics.
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Figure 3.12 Monoaromatics and Aldehydes in Ambient Air
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From the previous analysis, the high CO normalized O3 are related to the low CO 
normalized concentration o f  monoaromatic hydrocarbons and the high CO normalized 
concentration of aldehydes. These observations are consistent with the idea that 
photochemical reactions o f  monoaromatic hydrocarbons produce related aldehydes. A 
direct comparison of the CO normalized concentrations o f monoaromatic hydrocarbons 
and aldehydes provides additional evidence for photochemical reactions o f monoaromatic 
hydrocarbons in atmosphere.
The precursor and product relationship between monoaromatic hydrocarbon and 
aldehyde CO normalized concentrations has been calculated. The low CO normalized 
concentration of benzaldehyde relative to other aldehydes is consistent with evidence that 
OH radical abstraction from alkyl group is a minor pathway for destruction of 
monoaromatic hydrocarbons. That the CO normalized concentration of glyoxal and 
pyruvaldehyde are close is consistent with their observed yields from photochemical
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reaction o f toluene and xylenes in chamber studies (Table A -11). However, observed CO 
normalized concentration o f  formaldehyde being higher than that o f  glyoxal or 
pyruvaldehyde is not consistent with the low production o f formaldehyde from 
monoaromatic hydrocarbons photochemical reactions. This means that the total 
formaldehyde is completely dominated by primary sources such as direct emission from 
motor vehicles. The CO normalized concentrations o f  aldehydes are shown in Figure 
3.10a and Figure 3.1 la.
The CO normalized concentrations of monoaromatic hydrocarbons and aldehydes 
are compared with CO normalized concentration o f O 3  (Figure 3.14). M- and p-xylene 
and glyoxal have been selected to represent the monoaromatic hydrocarbon group and the 
aldehyde group respectively for discussion of photochemical reactions. As showed in 
Figure 3.14. when the CO normalized concentration o f  O3  increases, the CO normalized 
concentration o f m- and p-xylene decreases accompanying the increasing o f CO 
normalized concentration o f glyoxal. This implies that O 3 produces OH radicals, which in 
turn increases the reaction o f  OH with monoaromatic hydrocarbons, thereby producing 
more aldehydes. However, there are some inconsistencies in the data. For example, the 
CO normalized concentration o f  glyoxal is higher on 8 -Feb and 17-Feb than expected. 
Figure 3.15 is a plot of CO normalized concentration o f  formaldehyde vs. sampling date. 
The higher CO normalized concentration o f formaldehyde is found on 8 -Feb and 17-Feb 
also. The high CO normalized concentration of formaldehydes implies other sources of 
formaldehyde beside motor vehicle emission, and there are probably other sources of 
glyoxal and pyruvaldehyde beside m otor vehicle that play a role on the concentration of 
aldehydes and overlay the effect o f  photochemical reactions. We have eliminated the data
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from these two days when photochemical reactions are discussed.
The correlation between CO normalized concentration o f monoaromatic 
hydrocarbons and aldehydes are shown in Figure 3.16 and Table A -12. That there is no 
correlation between CO normalized concentrations of monoaromatic hydrocarbons and 
that o f  formaldehyde and benzaldehyde respectively implies that the photochemical 
reactions o f monoaromatic hydrocarbons are not a significant source for these aldehydes. 
The negative correlations between CO normalized concentrations o f  monoaromatic 
hydrocarbons and those o f glyoxal and pyruvaldehyde implies that the OH radical 
reaction with monoaromatic hydrocarbons plays an important role in the production of 
these compounds. CO normalized concentrations o f glyoxal and pyruvaldehyde are very- 
useful for evaluating the importance o f photochemical reactions o f monoaromatic 
hydrocarbons in ambient air. These observations are consistent with results from 
environmental chamber studies (Tuazon et al., 1984).
As shown in Figure 3.16, there are significant negative correlations between CO 
normalized concentration o f xylenes and glyoxal or pyruvaldehyde (r" -  0.74-0.79)) and 
moderate correlations between ethylbenzene, toluene and glyoxal or pyruvaldehyde. 
respectively (r^ = 0.49-0.52) while there are no significant correlations between benzene 
and glyoxal or pyruvaldehyde. The correlation between monoaromatic hydrocarbons and 
a-dicarbonyls rank in order o f m- and /?-xylene~ o-xylene> ethylbenzene- toluene> 
benzene. This order is same as the rate o f  gas-phase reactions with the OH radical (table 
1 . 1 ). Since the reactions between OH and monoaromatic hydrocarbons are controlled by 
kinetics, increasing reaction rates should lead to the increasing correlation between CO 
normalized concentration o f monoaromatic hydrocarbons and those o f  aldehydes. In
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addition lowest correlation was observed for the most volatile monoaromatic 
hydrocarbons, this would imply that direct evaporation is an important source for 
benzene and toluene.
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CHAPTER 4 
CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
The observations from this study are consistent with vehicle emission as a major 
source for monoaromatic hydrocarbons and a primary source for aldehydes in ambient 
air. This conclusion is supported by the significant correlations among the compounds in 
the monoaromatic hydrocarbon group, among the aldehyde group compounds and 
between the two when there are moderate or good correlations between target analytes 
(monoaromatics and aldehydes) and air pollutants (CO, NO and NOi).
That the CO normalized concentration o f glyoxal and pyruvaldehyde are close 
and that CO normalized concentration of benzaldehyde is very low are consistent with 
the predicted results from reaction between OH and monoaromatic hydrocarbons. The 
higher level o f  CO normalized concentration o f formaldehde indicates that the primary 
emission o f formaldehyde dominates its concentration trends in ambient air.
The observations made during this study indicate that when the CO normalized 
concentration o f  O 3  increases, the CO normalized concentrations o f monoaromatic 
hydrocarbon except benzene decrease with concomitant increases in CO normalized 
concentration o f  aldehydes and a-dicarbonyls. These observations are consistent with a 
precursor product relationship for monoaromatics and aldehydes, and a-dicarbonyls.
88
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4.2 Future work
Continued simultaneous measurement o f  monoaromatic hydrocarbons and 
aldehydes will be required to further support the OH radical mechanism. Phenols should 
be another good target group to verify this mechanism of OH radical ring addition. It 
would also be useful to simultaneously measure the concentration o f furandiones and 
monoaromatic hydrocarbons since furandiones are the major products from ring cleavage 
o f monoaromatic hydrocarbons (Forstner et al.. 1997). Finally, simultaneous 
measurement o f  OH radical, monoaromatic hydrocarbons and products would further 
clarify this important decomposition mechanism.
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APPENDIX
TableA-l-Table A -12
TableA-1 Concentration of Monoaromatics in Las Vegas Ambient Air (ppb), 
01/1999-03/1999
Collecting Time Benzene Toluene Ethylbenzene m- and 
/7-Xylene
o-Xylene
01/30.1:46-01/31, 1:46 1 0 . 0 38.5 0.601 3.20 1.26
02/01, 9:37-02/02, 10:07 0.341 1.95 0.166 0.934 0.412
02/02, 11:12-02/03,9:31 17.2 41.9 0.511 2.71 1.04
02/03, 9:48-02/04, 9:31 9.39 62.3 0.596 4.02 1.29
02/08, 12:50-02/09, 1:40 4.07 19.9 0 . 2 2 1 1 . 0 2 0.410
02/11, 10:40-02/12. 5:23 5.63 7.43 0 . 1 0 1 0.75 0.389
02/14.3:31-02/15,4:01 0.294 0.504 0.058 0 . 2 0.074 j
02/15,4:29-02/26,5:24 1 1 . 0 23.3 0.260 1.31 0.638 ;
02/17, 10:10-02/18, 11:32 8.76 87.3 1.24 5.52 2.36 1
02/27, 5:59-02/28, 5:54 19.4 97.6 0.582 3.77 1.33
03/01.3:20-03/02. 5:54 19.7 95.2 0.665 3.73 1.35 1
Note; Samples were collected at University o f Nevada, Las Vegas campus.
TabIeA-2 Probability of Correlation Coef) Icient between Monoaromatics
Related Compounds r ' n r t f P
Toluene vs. Benzene 0.7748 1 0 0.88023 5.24633 8 >0.9980
Ethylbenzene vs. Benzene 0.6761 1 0 0.82225 4.08644 8 >0.9940
m- and p-Xylene vs. Benzene 0.6331 1 0 0.79568 3.71542 8 >0.9940
o-Xylene vs. Benzene 0.7009 1 0 0.8372 4.32977 8 >0.9980
Ethylbenzene vs. Toluene 0.7762 1 0 0.88102 5.26748 8 >0.9980
m- and /7-Xylene vs. Toluene 0.8182 1 0 0.90454 6.00037 8 >0.9980
o-Xylene vs. Toluene 0.7889 1 0 0.8882 5.46779 8 >0.9998
m- and / 7-Xylene vs. 
Ethylbenzene
0.9283 1 1 0.96348 10.7946 9 >0.9998
o-Xylene vs. Ethylbenzene 0.9835 1 1 0.99172 23.1615 9 >0.9998
o-Xylene vs. m- and / 7-Xylene 0.9602 1 1 0.9799 14.7354 9 >0.9998
90
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Table A-3a Probabi itv o f Correlation Coefficient between Monoaromatics and CO
Related Compounds n r t f P
Benzene vs. CO 0.5559 1 0 0.74559 3.164484 8 >0.9800
Toluene vs. CO 0.6459 1 0 0.80368 3.820012 8 >0.9940
Ethylbenzene vs. CO 0.867 1 0 0.93113 7.221522 8 >0.9998
m- and p-Xylene vs. 
CO
0.926 1 0 0.96229 10.0054 8 >0.9998
o-Xylene vs. CO 0.9334 1 0 0.96613 10.58868 8 >0.9998
Table A-3b Probability o f Correlation Coefficient between Monoaromatics and NO
Related Compounds n r t f P
Benzene vs. NO 0.3022 1 0 0.54973 1.861344 8 >0.9000
Toluene vs. NO 0.2762 1 0 0.52555 1.74722 8 >0.8000
Ethylbenzene vs. NO 0.6041 1 0 0.77724 3.493869 8 >0.9900
m- and p-Xylene vs. NO 0.6534 1 0 0.80833 3.883473 8 >0.9940
o-Xylene vs. NO 0.649 1 0 0.80561 3.84604 8 >0.9940
Table A-3c Probability o f Correlation Coefficient between Monoaromatics and NO:
Related Compounds n r t f P
Benzene vs. NO? 0.2053 1 1 0.4531 1.524804 9 >0.8000
Toluene vs. NO? 0.3051 1 1 0.55236 1.987839 9 >0.9200
Ethylbenzene vs. NO? 0.5669 1 1 0.75293 3.432262 9 >0.9920
m- and p-Xylene vs. NO? 0.6094 1 1 0.78064 3.747196 9 >0.9940
o-Xylene vs. NO?-------------------—:------------ T" 0.6193
1 1 0.78696 3.826312 9 >0.9940
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Table A-3d Average Concentration of O3 , CO, NO and NO? in Las Vegas
Ambient Air (ppm), 07/199 8-03/1999
Collecting Time O3 CO NO NO?
7/22,9:00-17:00 0.051 0.15 0.008 0.013
{7/28. 10:00-7/29. 9:00 0.030 0.85 0.024 0.023
17/29. 10:00-19:00 0.042 0.52 0.009 0 . 0 1
17/30. 10:00-18:00 0.028 0.46 0.009 0 . 0 1 1
7/30. 19:00-7/31,9:00 0.029 0.51 0.009 0.016
7/31, 10:00-8/01, 19:00 0.031 1 . 0 1 0.03 0.026
8/03, 10:00-17:00 0.048 0 . 6 8 0 . 0 1 1 0 . 0 1 1
8/12, 11:00-8/13, 10:00 0.027 0.74 0.18 0 . 0 2
8/13. 11:00-8/14, 10:00 0.019 1.15 0.034 0.033
8/14, 11:00-8/14, 19:00 0.053 0 . 6 0 . 0 1 0 . 0 1
11/25, 13:00-11/26, 12:00 0.008 2.38 0.25 0.045
11/26, 13:00-11/27, 10:00 0.006 2.73 0.24 0.04
11/27. 11:00-11/28, 12:00 0.006 1.7 0.128 0.039
01/27, 13:00-01/28, 12:00 0.025 0.44 0.013 0.014
jo 1/28. 13:00-01/29, 1 2 : 0 0 0.014 1.58 0.068 0.031 1
01/29, 13:00-01/30, 12:00 0.006 2.15 0.174 0.036
01/30, 14:00-01/31. 13:00 0.008 2.24 0.187 0.037
02/01. 10:00-02/02, 9:00 0 . 0 2 1 1.15 0.068 0.033
02/02, 11:00-02/03. 9:00 0.006 1.89 0.203 0.041
02/03, 10:00-02/04. 9:00 0.005 2.53 0.269 0.044
102/08, 13:00-02/09, 13:00 0.016 0.7 0.028 0 . 0 2
0 2 / 1 1 , 1 1 :0 0 -0 2 / 1 2 . 16:00 0.019 1.13 0.082 0.027
02/13, 11:00-02/14, 13:00 0.013 1.67 0.209 0.039
02/14, 16:00-02/15, 15:00 0.024 0.62 0 . 0 1 0 . 0 2 2
02/15. 16:00-02/16. 16:00 0.009 1.39 0 . 1 1 1 0.037
02/17, 10:00-02/18, 11:00 0.007 1.84 0.153 0.046
02/27, 18:00-02/29, 17:00 0.015 2.3 0.135 0.034
03/01, 15:00-03/02, 17:00 0.013 2.08 0.118 0.033
Note: The above average concentrations were calculated by the hourly data 
provide by Clark County health District.
O3  was measured at City center (559 N. 7th St.).
NO and NO? was measured at E. Sahara (4001 Sahara Ave.).
CO was measured at Flamingo Station (584 E. Flamingo Rd.,11/98-03/99) and 
E. Sahara (4001 Sahara Ave., 07/98-08/98).
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Table A-4a Probability o f Correlation Coefficient between Monoaromatics and O3
R e la te d  C o m p o u n d s n r t f P
B e n z e n e  v s . O 3 0 .3 1 1 6 1 1 0 .5 5 8 2 1 2 .0 1 8 3 6 4 9 > 0 .9 2 0 0
T o lu e n e  v s . O 3 0 .2 8 1 5 1 1 0 .5 3 0 5 7 1 .87779 9 > 0 .8 0 0 0
E th y lb e n z e n e  v s . O 3 0 .4 7 5 9 1 1 0 .6 8 9 8 6 2 .8 5 8 7 2 3 9 > 0 .9 8 0 0
m -  a n d  / 7-X y le n e  vs. O 3 0 .5 2 0 7 1 1 0 .7 2 1 6 3 .1 2 6 8 8 1 9 > 0 .9 8 0 0
o -X y le n e  v s . O 3 0.5064 1 1 0 .7 1 1 6 2 3 .0 3 8 6 4 9 9 > 0 .9 8 0 0
Table A-4 b Probability o f Correlation Coefficient between Monoaromatics/CO
R e la te d  C o m p o u n d s
—; 
r n I f P
T o lu e n e /C O  v s . B e n z e n e /C O 0 .6 1 4 6 1 0 3 .5 7 1 7 8 6 8 > 0 .9 9 2 0
E th y ib e n z e n e /C O  v s. 
B e n z e n e /C O
0 .4 1 7 2 1 0 2 .3 9 3 0 8 1 8 > 0 .9 4 0 0
m -  a n d  / 7-X y le n e /C O  v s. 
B e n z e n e /C O
0.4425 1 0 2 .5 1 9 8 7 6 8 > 0 .9 6 0 0
o -X y le n e /C O  vs. B e n z e n e /C O 0 .5 6 7 2 1 0 3 .2 3 7 9 4 5 8 > 0 .9 8 0 0
E th y l b e n z e n e / c o  v s . T o lu e n e /C O 0 .6 8 9 9 1 0 4 .2 1 8 7 8 3 8 > 0 .9 9 4 0
m -  a n d  / 7-X y le n e /C O  v s. 
T o lu e n e /C O
0 .8 0 0 5 1 0 5 .6 6 5 7 0 8 8 > 0 .9 9 8 0
o -X y le n e /C O  vs. T o lu e n e /C O 0 .7 0 9 4 1 0 4 .4 1 9 1 9 1 8 > 0 .9 9 4 0
m -  a n d  / 7-X y le n e /C O  v s. 
E th y lb e n z e n e /C O
0.9 2 3 1 1 1 1 0 .3 9 3 9 9 9 > 0 .9 9 9 8
o -X y le n e /C O  vs. 
E th v lb e n z e n e /C O
0 .9 5 7 8 1 1 1 4 .2 9 2 3 1 9 > 0 .9 9 9 8
(7-X y le n e /C O  vs. m -  a n d  p -  
X v le n e /C O
0 .9 4 2 1 1 1 1 2 .1 0 1 2 6 9 > 0 .9 9 9 8
Table A-4c Probability o f Correlation Coefficient between Monoaromatics/CO and 
O3/CO
R e la te d  C o m p o u n d s n r t f P
B e n z e n e /C O  v s . O 3 /C O 0 .4 0 2 8 1 0 0 .6 3 4 6 7 2 .3 2 2 8 9 6 8 > 0 .9 4 0 0
T o lu e n e /C O  v s . O 3 /C O 0 .3 0 2 4 1 0 0 .5 4 9 9 1 1 .8 6 2 2 2 7 8 > 0 .9 0 0 0
E th y lb e n z e n e /C O  v s . O 3 /C O 0 .3 1 4 2 1 0 0 .5 6 0 5 4 1 .914473 8 > 0 .9 0 0 0
m -  a n d  / 7-X y le n e /C O  v s . O 3 /C O 0 .5 9 5 5 1 0 0 .7 7 1 6 9 3 .4 3 1 8 3 7 8 > 0 .9 9 0 0
(7-X y le n e /C O  v s. O 3 /C O 0 .5 4 3 5 1 0 0 .7 3 7 2 2 3 .0 8 6 2 0 2 8 > 0 .9 8 0 0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
Table A-5. Concentration of Aldehydes in Las Vegas Ambient Air (ppb), 07/1998- 
02/1999
C ollecting  T im e Form alde­
hyde
A cetaldehyde B enzaldehyde G lyoxal P yruvaldehyde
7/22. 8 :40-17:30 0.23 0 0.00 0 .30 0 .1 8
7/28, 9 :53-7 /29 , 9:50 0.42 0 0.03 0.41 0 .2 8
7/29, 9 :52-7 /29 . 19:52 0.15 0 0 0.21 0 .1 4
7/30, 9 :45-18:45 0.15 0 0 0.16 0.13
7/30. 1 8 :4 5 -7 /3 1 .9 :4 7 0.23 0.07 0 0.18 0.1 1
7 /3 1 .9 :4 9 -8 /0 1 . 20:18 0.04 0 0.00 0.15 0 .0 9
8/03, 10:25-18:18 0.21 0 0.01 0 .24 0 .2 0
8/12, 10:40-8/13, 10:40 0.34 0.34 0.01 0.12 0 .0 8
8/13, 10:40-8/14, 10:45 0.54 0.12 0.01 0.14 0 .0 9
8/14, 10:45-8/14. 19:45 0.32 0.00 0.00 0.15 0 .08
11/25. 12:50-11/26, 12:58 0.56 0.54 0.00 0 .12 0 .1 4
11/26. 13:22-11/27. 11:10 0.76 3.01 0.00 0.11 0 .15
11/27, 11:28-11/28, 13:28 0.66 1.05 0 0.09 0 .1 2
01/27, 1 2 :5 0 -0 1 /2 8 ,0 :5 0 0.15 0.05 0.01 0.10 0 .09
01/28, 1:09-01/29. 1:12 0.55 0 0.01 0.13 0.1 1
01/29 . 1:28-01/30, 1:28 0.63 0 0.02 0.14 0.1 1
01/30 , 1:46-01/31. 1:46 1.11 0.35 0.02 0.19 0 .2 0
0 2 /0 1 .9 :3 7 -0 2 /0 2 , 10:07 0.65 0.94 0.01 0 .12 0 .13
02/02. 11 :12-02 /03 .9 :31 1.01 2.14 0.01 0 .19 0 .1 7
02/03 . 9 :48-02 /04 , 9:48 1.39 2.61 0.02 0.20 0 .1 9
02/08. 12:50-02/09, 13:40 0.49 0.09 0 0.14 0 .1 4
02/11. 10:40-02/12, 5:23 0.68 0.14 0.02 0.12 0 .1 2
02/13 , 11:23-02/14, 1:45 0.97 0.06 0.02 0.16 0 .16
0 2 /1 4 ,3 :3 1 -0 2 /1 5 .4 :0 1 0.38 0.02 0.00 0.09 0.1 I
0 2 /1 5 .4 :2 9 -0 2 /1 6 . 5:24 0.94 0.17 0.02 0.16 0 .1 7
02/17. 10:10-02/18. 11:32 1.65 0.53 0.02 0.21 0.21
Note: Samples were collected at University o f Nevada, Las Vegas campus
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Table A-6a. Probability o f Correlation Coefficient between Different
Related Compounds r^ n r t f P
Benzaldehyde vs. Formaldehyde 0.6462 13 0.80387 4.4823 1 1 >0.9980
Glyoxal vs. Formaldehyde 0.8763 13 0.93611 8.827504 H >0.9998
Pyruvaldehyde vs. Formaldehyde 0.8604 13 0.92758 8.233867 1 1 >0.9998
Glyoxal vs. Benzaldehyde 0.5985 13 0.77363 4.049353 1 1 >0.9980
Pyruvaldehyde vs. Benzaldehyde 0.4571 13 0.67609 3.043281 1 1 >0.9800
Pyruvaldehyde vs. Glyoxal 0.8904 13 0.94361 9.453304 11 |>0.9998
Table A-6 b Probability of Correlation Coefficient between Different Aldehvdesm  
(07/98-02/99)
Related Compounds F n r t f P
Benzaldehyde vs. Formaldehyde 0.3797 26 0.6162 3.832878 24 >0.9980
Glyoxal vs. Formaldehyde 3E-05 26 0.00548 0.026833 24 > 0 . 0 0 0 0
Pyruvaldehyde vs. Formaldehyde 0.2088 26 0.45695 2.516678 24 >0.9600
Glyoxal vs. Benzaldehyde 0.2505 26 0.5005 2.832198 24 >0.9900
Pyruvaldehyde vs. Benzaldehyde 0.4481 26 0.6694 4.414311 24 >0.9998
Pyruvaldehyde vs. Glyoxal 0.6309 26 0.79429 6.404922 24 >0.9998
Table A-7a Probability of Correlation 2 oe: ficient between Aldehydes and CO
Related Compounds r" n r t f P
Formaldehyde vs. CO 0.5833 13 0.76374 3.924014 1 1 >0.9940
Benzaldehyde vs. CO 0.6941 13 0.83313 4.995945 1 1 >0.9980
Glyoxal vs. CO 0.404 13 0.63561 2.730637 1 1 >0.9800
Pyruvaldehyde vs. CO 0.6191 13 0.78683 4.228353 1 1 >0.9980
Table A-7b Probability of Correlation Coe ficient between Aldehydes and NO
Related Compounds r-" n r t f P
Formaldehyde vs. NO 0.6144 13 0.78384 4.186523 1 1 >0.9980
Benzaldehyde vs. NO 0.6575 13 0.81086 4.595301 1 1 >0.9980
Glvoxal vs. NO 0.6824 13 0.82608 4.861559 1 1 >0.9980
Pyruvaldehyde vs. NO 0.5504 13 0.74189 3.669631 1 1 >0.9940
Table A-7c Probability of Correlation Coefficient between Aldehydes and NO?
Related Compounds n r t f P
Formaldehyde vs. NO? 0.6144 13 0.78384 4.186523 1 1 >0.9980
Benzaldehyde vs. NO? 0.6575 13 0.81086 4.595301 1 1 >0.9980
Glyoxal vs. NO? 0.6824 13 0.82608 4.861559 1 1 >0.9980
Pyruvaldehyde vs. NO 2 0.5504 13 0.74189 3.669631 1 1 >0.9940
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
96
Table A- 8  Probability of Correlation Coefficient bet^veen Different Aidehydes/CO 
(01/99-02/99)
Related Compounds Tr" n r t f P
Pyruvaldehyde/C0  vs. 
Formaldehyde/CO
0.0818 13 0.28602 0.9899 1 1 >0.6000
Glyoxal/CO vs.
F ormaldehy de/C 0
0.0094 13 0.09695 0.3230 1 1 > 0 . 2 0 0 0
Pyruvaldehyde/CO vs. 
Glyoxal/CO
0.8849 13 0.94069 9.1961 1 1 >0.9998
Table A-9 Probability of Correlation Coefficient between Aldehvdes/CO and O3/CO 
(01/99-02/99)
Related Compoimds — 'r~ n r t f P
Formaldehyde/CO vs. O3 /CO 0.0082 1 2 0.09055 0.287538 1 0 > 0 . 2 0 0 0
Benzaldehyde/CO vs. O3 /CO 0.0409 1 2 0.20224 0.653025 1 0 >0.6000
Glyoxal/CO vs. O3/CO 0.7714 1 2 0.87829 5.809004 1 0 >0.9998
Pyruvaldehyde/CO vs. O3 /CO 0.702 1 2 0.83785 4.85356 1 0 >0.9980
Table A-10 Probability o f Correlation Coefficient between Monoaromatics and
Related Compounds r" n r t f P
Formaldehyde vs. Benzene 0.5155 8 0.71798 2.526638 6 >0.9400
Benzaldehyde vs. Benzene 0.4481 8 0.6694 2.207155 6 >0.9200
Glyoxal vs. Benzene 0.7031 8 0.83851 3.769459 6 >0.9900
Pyruvaldehyde vs. Benzene 0.5805 8 0.76191 2.881448 6 >0.9600
Formaldehyde vs. Toluene 0.8252 8 0.90841 5.322118 6 >0.9980
Benzaldehyde vs. Toluene 0.5188 8 0.72028 2.543389 6 >0.9400
Glyoxal vs. Toluene 0.8787 8 0.93739 6.592734 6 >0.9980
Pyruvaldehyde vs. Toluene 0.7742 8 0.87989 4.535657 6 >0.9940
Formaldehyde vs. Ethylbenzene 0.8462 9 0.91989 6.205937 7 >0.9980
Benzaldehyde vs. Ethylbenzene 0.4864 9 0.69742 2.574739 7 >0.9600
Glyoxal vs. Ethylbenzene 0.8252 9 0.90841 5.748545 7 >0.9980
Pyruvaldehyde vs. Ethylbenzene 0.7672 9 0.8759 4.802992 7 >0.9980
Formaldehyde vs. m- and p-Xylene 0.9313 9 0.96504 9.741267 7 >0.9998
Benzaldehyde vs. m- and p-Xylene 0.6062 9 0.77859 3.282609 7 >0.9800
Glyoxal vs. m- and / 7-Xylene 0.8572 9 0.92585 6.482253 7 >0.9980
Pyruvaldehyde vs. m- and / 7-Xylene 0.8245 9 0.90802 5.734635 7 >0.9980
Formaldehyde vs. o-Xylene 0.9087 9 0.95326 8.346875 7 >0.9998
Benzaldehyde vs. o-Xylene 0.5896 9 0.76785 3.171203 7 >0.9800
Glyoxal vs. o-Xylene 0.8104 9 0.90022 5.469902 7 >0.9980
Pyruvaldehyde vs. o-Xylene 0.807 9 0.89833 5.410123 7 >0.9980
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Table A l l  Ring-fragmentation Aldehyde Products o f Monoaromatic Hydrocarbon 
Photooxidation
Compound Aromatic
Hydrocarbon
precursor
Molar Yield Reference
Glyoxal
benzene 0.207±0.019 Tuazon et al.. 1986
toluene
0.08 Shepson et al., 1984
0.111±0.013 Tuazon et al.. 1984
0.105±0.019 Tuazon et al., 1986
m-xylene 0.104±0.020
Tuazon et al.. 1984
0.086±0.011 Tuazon et al., 1986
p-xylene 0 . 1 2 0 ±0 . 0 2 0
Tuazon et al., 1984
0.225±0.039 Tuazon et al., 1986
o-xylene 0.087±0.012 Tuazon et al., 1986
Pyruvaldehyde
toluene
0.075 Shepson et al., 1984
0.146±0.104 Tuazon et al.. 1984
0.146±0.006 Tuazon et al.. 1986
o-xylene 0.116
Shepson et al., 1984
0.246±0.020 Tuazon et al., 1986
m-xylene 0.265±0.035
Tuazon et al., 1984
0.319+0.009 Tuazon et al., 1986
/7-xylene 0.111±0.015
Tuazon et al.. 1984
0.105±0.034 Tuazon et al., 1986
Formaldehyde
toluene 0 . 0 1 Dumdei et al., 1988
o-xylene 0.02-0.05 Gery et al., 1987
m-xylene 0.17±0.02
Bandow et al., 1985
0.01-0.04 Gery et al., 1987
/7-xylene 0.17±0.02 Bandow et al., 1985
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Table A-12 Probability o f  Correlation Coefficient between Monoaromatic/CO and
Related Compounds 7r“ n r t f P
Formaldehyde/CO vs. Benzene/CO 0.0085 7 0.0922 0.207037 5 > 0 . 1 0 0 0
Benzaldehyde/C0  vs. Benzene/CO 0.3641 7 0.60341 1.692002 5 >0.8000
Glyoxal/CO vs. Benzene/CO 0.0929 7 0.3048 0.715592 5 >0.4000
Pyruvaldehyde/CO vs. Benzene/CO 0.1772 7 0.42095 1.037695 5 >0.6000
Formaldehyde/CO vs. Toluene/CO 0.0911 7 0.30183 0.707923 5 >0.4000
Benzaldehyde/C0  vs. Toluene/CO 0.2053 7 0.4531 1.136522 5 >0.6000
Glyoxal/CO vs. Toluene/CO 0.4967 7 0.70477 2.221358 5 >0.9200
Pyruvaldehyde/CO vs. Toluene/CO 0.5233 7 0.72339 2.342814 5 >0.9200
Formaldehyde/CO vs. Ethylbenzene/CO 0.3389 7 0.58215 1.600985 5 >0.8000
Benzaldehyde/CO vs. Ethylbenzene/CO 0.0273 7 0.16523 0.374608 5 > 0 . 2 0 0 0
Glyoxal/CO vs. Ethylbenzene/CO 0.4862 7 0.69728 2.175181 5 >0.9000
Pyruvaldehyde/CO vs. Ethylbenzene/CO 0.4899 7 0.69993 2.191347 5 >0.9000
Fonnaldehyde/CO vs. m- and p -  
Xvlene/CO
0.3919 7 0.62602 1.795085 5 >0.9000
Benzaldehyde/CO vs. m- and p -  
Xylene/CO
0.1134 7 0.33675 0.799701 5 >0.9800
Glyoxal/CO vs. m- and ^ -Xylene/CO 0.7747 7 0.88017 4.1464 5 >0.9900
Pyruvaldehyde/CO vs. m- and p-  
Xylene/CO
0.7715 7 0.87835 4.108751 5 >0.9900
Formaldehyde/CO vs. o-Xylene/CO 0.2127 7 0.46119 1.162248 5 >0.8000
Benzaldehyde/CO vs. o-Xylene/CO 0.2845 7 0.53339 1.410007 5 >0.8000
Glyoxal/CO vs. o-Xylene/CO 0.7401 7 0.86029 3.77335 5 >0.9800
Pyruvaldehyde/CO vs. o-Xylene/CO 0.7886 7 0.88803 4.318778 5 >0.9920
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